This paper introduces the scale-depth law of multi-scale wavelet analysis for regional gravity data processing, and presents the results of its application to Central Asia for computation of the 3D crustal density structures. The wavelet analysis method is applied for characterizing 3D crustal density structure, producing five maps of density disturbance corresponding to different depths of equivalent layers in the crust. The results provide important evidence for the study of crustal structures and mass movement in Central Asia: (i) the small-scale and intensive linear density disturbances in the upper crust indicate Phanerozoic orogenic belts; (ii) there exists a horseshoe-shaped low-density belt in the middle crust coinciding with the Kazakhstan orocline; (iii) there is a very low density zone in the lower crust, extending from western Kunlun to Tianshan, probably indicating a lower-crust flow; (iv) there are a few lowdensity spots in the middle crust, which might be caused by low-density mass squeezing upward from the lower crust flows.
INTRODUCTION
Central Asia is the converging region of the Paleo-Asian Ocean and has important significance for the study of ocean-continent transition, continental accretion and the formation of Pangea supercontinent. Since the Cenozoic, Central Asia has become reactive in its lithosphere owing to the collision between the India and Eurasia plates, so important in the study of long-distance effects of the continental collision.
Regional gravity field on the continent, including the free air anomalies, can partly indicate the crustal structures. Previous studies (Artemjev et al. 1994) have shown that variations of crustal thickness in Central Asia can only provide 30-50% compensation of the Earth's gravitational equilibrium, and the remaining 50-70% of the compensation is due to crustal density inhomogeneity, which is mainly relevant to crustal structures, lithological variations, and the degree of fluid filling. After performing terrain and middle layer correction, Bouguer anomalies mainly reflect crustal structures, lithological variations and the degree of fluid filling in different depths of crust. So the imaging of three-dimensional crustal density structures can be a good way to reveal the crustal structures and tectonic events.
After years of researches, we have combined some tested dataprocessing techniques, including the multi-scale wavelet analysis, harmonic analysis and inversion of density disturbance, into a gravity data-processing system that is applicable for delineation of three dimensional crustal density structures. This system is referred to as multi-scale analysis of regional gravity field Yang 1997, 1998; Yang et al. 2001 Yang et al. , 2005 Yang and Yu 2014a) . In the papers listed above, we introduce how to construct special wavelet base for regional gravity data processing, the multi-scale analysis for three-dimensional crustal density structures with some equivalent layers, as well as their applications in China mainland, Tibet Plateau and Australia. Achieving good results of the multi-scale wavelet analysis comes from the relation between the horizontal scale of gravity field and the buried depth of sources, which is called scale-depth conversion law for regional Bouguer gravity field. Starting from the scale-depth conversion law, this paper introduces the three dimensional imaging results of crustal density structures applied to the Central Asia region, and analyzes the geodynamic meanings of the corresponding research results .
SCALE-DEPTH CONVERSION LAW OF MULTI-SCALE WAVELET ANALYSIS FOR BOUGUER GRAVITY FIELD
The basis of the multi-scale wavelet analysis for regional gravity data processing is that the horizontal scale of gravity anomalies is proportional to the buried depth of the gravity sources. In other words, the deeper the source buries, the larger the horizontal scale of the anomaly becomes. For instance, the gravity anomaly of a sphere object can be written as (Telford et al. 1990) 3/ 2 2 2 ,
where G is the gravitational constant, M is the mass of the sphere, h is the depth of the sphere center, and x is the horizontal distance from observed points to the projection of the sphere center on the observation plane. Define the horizontal width of gravity anomaly W satisfying W = 2xƍ, in which xƍ is the horizontal distance between the origin to the point where the maximum anomalous values attenuate to the half. Then W also represents characteristic scale of the isolated anomaly. Substituting xƍ into Eq. 1 yields 2/3 1.305 0.6525
Thus, the deeper the field source buries, the larger the horizontal scale of the anomaly becomes. The buried depth and the horizontal scale are approximately proportional to each other. Nevertheless, due to the different shapes of buried sources, the scaling factor Į may vary with source shapes, satisfying the condition Į = 0.2-0.9. For instance, the value of Į can be chosen as 0.8 for intrusive thin dykes.
When the gravity anomalies are produced by the superposition of several field sources, they will no longer have similar characteristic scales with Eq. 2. Specifically, the characteristic scale W for the spherical source with the center depth of 4 km in upper crust is 6.13, and that with the center depth of 34 km in lower crust is 52.1. However, the scale may range from 6 km to 52 km when the above two anomalies are added together, indicating no characteristic scale after the superposition. The multi-scale wavelet analysis utilizes the characteristic scale of the desired wavelet base to recover the characteristic scale in the ground superimposed anomalies, and decomposes them with different scales, making the decomposed wavelet details to obtain characteristic scales again. For the above example, the superimposed anomalies are decomposed by the wavelet analysis with the wavelet scale of 6, 12, 24, and 48 km. The first-order wavelet detail D1 with the scale of 6 km extracts the anomaly field produced by the spherical source buried with the center depth of 4 km in the upper crust. The fourth-order wavelet detail D4 with the wavelet scale of 48 km draws the anomaly produced by the spherical source buried with the center depth of 32 km in the lower crust. In a certain sense, the wavelet details can restore the characteristic scale in gravity field. Therefore, the multi-scale wavelet analysis can be an important technology for delineating three-dimensional crustal density structures.
Assume the gravity data spacing in a uniform square grid as ǻ. When applying the conventional wavelet multi-scale analysis, the wavelet base will take 4 sampling points (Mallat 1989) , with the shape of peaks and valleys and the characteristic scale of about half of the peak width, namely ǻ/2. The scale of the wavelet details increases with the power of 2 during wavelet transforms. Defining the order of the wavelet details as n, the characteristic scale of n-order wavelet details can be written as
The multi-scale wavelet analysis requires the characteristic scale L n of wavelet details should match with the scale W of the gravity anomalies. Substituting Eq. 3 into 2, gives
Equation 5 represents the relation between the buried depth h of field sources and the n-order wavelet details, namely the scale-depth conversion law in the multi-scale wavelet analysis for decomposition of Bouguer gravity field. For some ground gravity data sets with different observed meshes or survey scales, the characteristic scales of wavelet details are estimated by Eq. 3 and listed in Table 1 . The gravity data sets with the sampling spacing greater than 10 km cannot be suitable for multi-scale wavelet analysis and three-dimensional characterization of fine crustal density structures. However, if the sampling spacing is less than 1 km, the result can only be valid for the decomposition of the upper crust because of too small scale of wavelet details. Note: ǻ represents data spacing, the scales marked with underline are not suitable for gravity decomposition and multi-scale wavelet analysis.
In advance, one may use the Eq. 4 to estimate the buried depth of gravity sources related to the wavelet details. For example, a regional data set with the survey scale of 1:500 000 or 1:1 000 000 can be interpolated into a grid with the mesh interval of 4-10 km. In this situation, the scale of the wavelet detail D1 is 2 km, and the scale of the n-order wavelet details corresponds with 2 n km. The buried depth of field source in accordance with the wavelet details can be estimated by formula 5 after selecting the coefficient Į; the results are shown in Table 2 . Table 2 also gives buried depth estimations of wavelet details corresponding to the upper, middle, and lower crust as well as possible combinations of wavelet details in the process for crustal density imaging. To be specific, (D1 + D2) can be used for inversion of density disturbance for shallow sedimentary basins, (D3 + D4) for deep layers of sedimentary basins or crystal basements in the upper crust, (D5 + D6) for the middle crust, and so on. Note that the buried depths shown in Table 2 can be too rough because gravity anomalies changes in different areas greatly; one should not treat these value as the exact buried depths of the equivalent layers that correspond to a certain wavelet detail. The exact average buried depths should be calculated by the slope of the power spectrum of the wavelet details according to the spectral analysis of the gravity anomalies (Spector and Grant 1970) . Experiments show that the buried depths of the equivalent layers calculated by the power spectrum may differ from Table 2 , especially for non-square gridding data.
In summary, the deeper the geological source buries, the larger the horizontal scale of gravity anomalies as well as the density disturbance have. So after multi-scale wavelet decomposition of gravity data, small-scale wavelet details indicate density distribution of shallow sources, whereas large-scale wavelet details represent the distribution of deep sources. Since we presented multi-scale wavelet analysis for gravity data processing, the method has already shown good results (Hou and Yang 1997 Yang et al. 2001 , Yang and Yu 2014a .
MULTI-SCALE DECOMPOSITION OF THE REGIONAL GRAVITY FIELD IN CENTRAL ASIA
Revealing the three dimensional crustal density structures from regional gravity field has become one of the research frontiers in the recent years. In the beginning of 21th century, the Ministry of Land and Resources has completed 1:1 000 000 regional ground gravity survey in most regions in Chinese continent. Oil companies and our group also have been carrying out complementary gravity surveys in some focus areas. All surface gravity data sets are compiled and the location of the observation stations is shown in Fig. 1a . The Bouguer gravity data sets in the whole Central Asia are obtained after combination of the ground data and satellite data together with some special procedures. The studied area covers the range of latitude 33°-50°, longitude 70°-100°, and the data sets are interpolated into 5 km × 5 km grid (shown in Fig. 1b) .
The multi-scale analysis is composed of four modules, including the division and depth estimation of gravity sources, the multi-scale wavelet analysis, the depth estimation of wavelet details and inversion of density disturbance. The first question is: how many equivalent layers of gravity sources can be made? We can perform the spectral analysis of the regional gravity field to see how many segments with different slopes in the power spectrum. According to the theory of the gravity anomalies in the wavenumber domain (Bhimasankakam et al. 1977 , Yang and Guo 1979 , Yang 1985 , these segments with different slopes in the power spectrum indicate the equivalent layers with different depths of buried sources. Because there are six distinguished segments exhibiting in the power spectrum of gravity field of the studied area, the regional gravity field should be divided into seven equivalent layers. Moreover, the Mallat algorithm is applied to construct a particular wavelet bases for the separation of gravity anomaly and the multi-scale wavelet analysis (Mallat 1989 , Hou and Yang 1997 . The wavelet details from D1 to D8 are calculated and are formed into five abnormal subsets, i.e., (D1 + D2), (D3 + D4), (D5 + D6), D7, and D8. The wavelet detail D2 corresponds to the shallowest layer as shown in Fig. 2a , and the details (D3 + D4) are shown in Fig. 2b .
The average buried depth of the equivalent layers corresponding to the five abnormal subsets can be calculated from the power spectrum slopes of the wavelet details. The calculated depth of the shallowest layer (D1 + D2) is 3 km, the shallow layer (D3 + D4) 10 km, the middle layer (D5 + D6) 18 km, the deep layer (D7) and deepest layer (D8) are about 30 and 48 km, respectively. The shallowest and shallow layers are located on the top of the upper crust and the crystalline basement, respectively. The middle is located in the bottom of the upper crust, the deep layer is located in the middle crust, and the lowest is located in the lower crust of the studied area. To study three dimensional crustal density structure, the generalized linear inversion is used to obtain the density disturbance of each equivalent layers after the completion of the multi-scale wavelet analysis and the estimation of depths. The density disturbance of equivalent layers refers to the difference between the average density of equivalent layers and the inversed density values at the depth. Assume that the average densities from the shallowest and middle equivalent layers in the upper crust are 2.65×10 3 and 2.81×10 3 kg/m 3 , respectively. Also, the densities in the middle crust and lower crust are supposed to be 2.91×10 3 and 2.97×10 3 kg/m 3 . The density disturbance of the middle layer inversed from the wavelet details (D5 + D6) is shown in Fig. 3a , and that from (D7) and (D8), separately, representing the middle crust and lower crust are shown in Figs. 3b and 4.
THE VARIATIONS OF THE CRUSTAL DENSITY STRUCTURES IN CENTRAL ASIA
We obtained five density disturbance maps of the equivalent layers after applying the above-mentioned methods for three dimensional crustal density structures of Central Asia. The density disturbance map of the shallowest layer D1 is more or less in coincidence with the geological map, thus providing few information for crustal analysis. The most important maps we care about involve the maps corresponding to crystalline basement of the upper crust, to the middle crust, and lower crust. Because the behavior and properties of the upper, middle, and lower crust are quite different, rocks in the upper crust show the properties of brittle and easy to break, and rocks in the lower crust have lower viscosity coefficient, easy to form creeping flows (Jolivet and Hataf 2001, Kirby and Kronenberg 1987, Yang 2009 ). Under the temperature and pressure in the middle crust, rocks may have higher water-solution rate to be detached. Thus, there are many complex faults developed in the upper crust, but not many developed in the lower crust. As a result, the density disturbances and their corresponding structures can be quite different from the geological data in the surface.
Density disturbances in the upper crust
We firstly analyze structures of the upper crust from the density disturbance map from the wavelet details D2 shown in Fig. 2a . The map shows density disturbance of the equivalent layer with the average depth of 3 km. Because of low densities of sedimentary rocks, sedimentary basins are displayed as calm regions with less variation and small disturbance. The small-scale and strong anomalies are usually distributed along orogenic belts. The density disturbance map obtained from wavelet details (D3 + D4) are shown in Fig. 2c , with the average depth of about 10 km, indicating the density disturbance of the crystalline basement of the upper crust. The yellow and green area in the figure represents stable tectonic units where the variation of density disturbance is mild. The basins including Tarim (marked "Tm" in the figure) , Qaidam (Qd), Tuha (TH), Junggar (Jr), and Yili (YL) belongs to basins of such a kind. The zones illustrated with blue or red color belts in the map show high density areas or low density areas, respectively. The dense areas with both blue and red dots indicate tectonically active zones or intensive deformation belts as the rock density varies dramatically. These areas in the map are located mainly in Kashmir, Tianshan Mountain, Mayili-Sawuer Mountain, Altai Mountain, East and West Kunlun Mountain, Altun Mountain, and Qinlian Mountain ranges. Kashmir shows the most violent deformation caused by collision between Indian plate and Eurasia plate in Cenozoic, resulting in dramatic density disturbances in the upper crust. All the above mentioned mountain ranges are orogenic belts formed in the late Paleozoic by the collision involving the Kazakhstan, Tarim, Qiangtang terranes as well as the Siberia and Sino-Korean Cratons (Artemjev et al. 1994 , Abrajevitch et al. 2008 , Yang 2009 ). They have also been under severe crustal deformation caused by the collision between the India plate and Eurasia plate in the Cenozoic (James 1989 , Rogers 2004 , Molnar 1988 , Meissner and Mooney 1998 , Xu et al. 2007 , Xiao 2010 , Yang and Yu 2014a Royden et al. 1997) . In short, the small-scale strong accumulating density disturbances of the upper crust indicate the Phanerozoic orogenic belt, and the density variations are consistent with the tectonic deformation and geological structures observed on the surface. Figure 2c also shows that the density of the upper crust is not high in general, with the value of less than 2.65×10 3 kg/m 3 in the crystalline basement. We speculate that the reason of low density in the upper crust is associated with the existence of water that was saved from the Paleo-Asian ocean. The studied region was located in the center of the Paleo-Asian Ocean 3 Ma ago. Some water of the ocean might be infiltrated into the mantle, the other part might be penetrated into cracks of crustal rocks, making the crust full of water and decreasing its rock densities. Figure 3a shows the density disturbance of the wavelet details (D5 + D6) with the equivalent layer depth of 18 km, indicating the density variations on the bottom of upper crust or the top of the middle crust. The color bar is still the same as mentioned in Section 4.1. The high density zones are mainly distributed in the southern part of Tarim Basin, while the intensive low density zones are located in the south, i.e., West Kulun Mountain and Altun Moutain ranges. We can see that the south part of Tarim, like a rigid shield, resists against the strong compression from the Tibetan plateau since the Jurassic, making the basin saved, without being broken. The orognic belts of Tianshan Mountain, Kunlun Mountain, and Altun Mountain are presented as low density zones. Because of their granitite masses with relatively low density and possibly fluid composition, orogenic zones usually show low density disturbance together with many fracture and deformation belts in the middle crust.
Density disturbance in the middle crust and the orocline
The word "orocline" refers to sharp-bent folds and thrust belts produced by a series of deformations. The famous Kazakhstan horseshoe-shaped orocline is located in the northwest of the studied area (Abrajevitch et al. 2008 , Xiao 2010 . It was formed during closure of the ancient Asian ocean in the Late Paleozoic, indicating the split collision and rotary displacement of the blocks such as Siberia, the Baltic, and the Tarim. In Fig. 3a there is a combination of horseshoe-shaped belts with low density disturbance (marked with dot string), in coincidence with the location of Kazakhstan orocline. The amplitude of the low density disturbance in the horseshoe belts is not as strong as in the Kunlun orogenic belts, as it occurred earlier than the Mesozoic and Cenozoic orogenic belts such as Kunlun. The fact that the Kazakhstan orocline looms in the density disturbance map of the middle crust suggests that Paleozoic orogenic belts still have traces in the density structures in the middle crust, although their roots on the Moho discontinuity may be polished today. This example shows that the existence of low density disturbance in the middle crust can probably provide important evidence to identify whether there orocline exists.
Why does Kazakhstan orocline appear as a low density disturbance? From the view of tectonic evolution, there are two possible reasons. Firstly, the orocline involved with island arc belts was formed by subduction from Mongolia-Okhotsk Ocean to Kazakhstan in Permian (Abrajevitch et al. 2008 , Xiao 2010 . The island arc belts contained lots of active fluid saved in pores of andesite rocks, making the normal density decrease. Secondly, the Siberia craton, Kazakhstan and Tarim terranes collided in the region after the Permian. Strong collision not only caused the horseshoe-shaped bending of the Kazakhstan orocline, but also produced the crustal shorting and thickening and a density decrease of crustal rocks. Figure 3b shows the density disturbance of the wavelet details (D7) with the equivalent layer depth of 30 km, indicating the density variations in lower part of the middle crust. The high density zone marked with blue color is distributed below the Tarim Basin, especially in the north of Bachu uplift. However, both the inner part of Bachu uplift and the Tabei uplift have relatively lower density disturbance. Figure 3b shows that the lower density zones not only expand their areas, but are also connected into a series of round belts (illustrated by black stars) surrounding some high density blocks. These high density blocks include Tarim (Tm), Qaidam (Qd), Tuha (TH), Junggar (Jr), and Yili (YL), and demonstrate having craton attributes. The lower density zones are located in the area of the north and east edge of Kashmir, West Kunlun, Altan, Qilian, Altai, and Tianshan, which are also tectonic active zones containing intensive deformation belts (Nelson and Zhao 1996, Yang and Yu 2014a) . Although they are different in ages, they have all become tectonically active again since the collision between India and Eurasian continents. Comparison between the density disturbance map with the locations of earthquakes is shown in Fig. 5 . One can see that the earthquakes with the magnitude greater than 5 mainly occur in the middle crust at the lower density belts or their edges, indicating a causal relationship between crustal deformation and the density structures. Figure 4 shows the density disturbance of the wavelet details (D8) with the equivalent layer depth of 48 km, indicating the density variations in the lower crust. The blue high density zone is distributed mainly in the Tarim basin, extending from Bachu uplift to Tuha block. This may suggests some kind of relationship between these two oil and gas basins. The lowest density zone appears in the West Kunlun, and this solid terrane was the place of convergence of Tarim, Tibet, and Kazakhstan and undergone the collision processes (marked in black stars). Due to the collision and friction of several terranes, the temperature of the lower crust would rise and rocks might tend to partial melting and produce channel flows in the lower crust. Rocks could undergo creep motion rheologically and show lower density along some channels in the lower crust. The term of "channel flow" originally refers to movement of melting masses from or within the lower crust (Law et al. 2006 , Clark and Royden 2000 , Unsworth et al. 2005 , Grujic 2006 , Schoenbohm et al. 2006 , Harris 2007 , Zhao et al. 2008 , Wang et al. 2007 . We may expand its meaning to any rheological creep motion along some channels both in vertical and horizontal directions. Thus the low density disturbance belts in the lower crust must have tight relationship with the channel flow. The lower density anomalies of crustal rocks may be mainly caused by lithological variations, increasing some fluid substance, and changing temperature and pressure as well. The increasing temperature and fluid substance reduces rock densities, and also stimulates the crustal creep motion. Therefore, the results of three dimensional crustal density imaging can provide indirect evidence for the study of the channel flow in the lower crust.
Density disturbances and channel flows in the lower crust
From the latest research results of the Qinghai-Tibet Plateau, the flow in lower crust can be divided into vertical channel flow and lateral channel flow. The granite bodies in the high Himalaya orogenic belt, formed during post-collision (40-20 Ma), indicate vertical channel flow (Clark and Royden 2000 , Unsworth et al. 2005 , Zeng et al. 2011 . This kind flow was generated by dehydrating sedimentary rocks in the middle-to-lower crust, and remelting upward. It coincides with local low density anomalies of small-scale in the middle and upper crust. The lateral channel flow is attributed to the partial melting of rocks due to penetration of the low density sea of ancient oceans subducting into the mantle. Water reduces the melting temperature of solid rocks after closure of the ancient oceans, causing partial melting and the lateral channel flow. The low density channels of large scales in the lower crust may reveal this type of flows.
The lateral channel flows of low density in the studied area are illustrated in Fig. 4 marked with black stars. They start from West Kunlun, then are divided into two branches, named the northern and southern, respectively, traveling from west to east (see the black arrows in the figure) . The southern branch travels along Altun and is trending northeast; then it turns to southeast toward Qilian Mountain. The northern branch travels towards the northeast along South Tianshan, and then goes to North Tianshan and the south of Junggar Basin. The width of the lower density zone in the lower crust is of about 230 km. We may treat the large scale lower density zones from West Kunlun to Tianshan as a lower-crust channel flow caused by long-distance effect of the collision between India and Eurasia plates. The southern branch of the flow is located along north-western Tibet Plateau and also relates to long-distance effect of the collision between India and Eurasia plates. Comparing the images shown in Figs. 2, 3 , and 4, we see that the lower density disturbance zones gradually expand from the upper crust to the lower crust. The high density blocks are not only reduced in number, but also present more clear boundaries in favor of dividing crustal tectonic units.
CONCLUSIONS
The methods of the multi-scale wavelet analysis and inversion density disturbance are applied to characterize three dimensional crustal density structure producing five maps of density disturbance corresponding to different depths of equivalent layers in the crust. The research results provide important evidence for the study of crustal structures and mass movement in the studied area as follows:
The scale of Bouguer gravity anomalies is approximately proportional with the buried depth of gravity sources. The deeper the sources locate, the larger the horizontal scales of gravity anomalies become; The small-scale and intensive linear density disturbances in the upper crust indicate Phanerozoic orogenic belts. The overall density of the upper crust in the studied region appears low in general, owing to closure of the Paleo-Asian Ocean; There exists a horseshoe-shaped low-density belt in the middle crust coinciding with the Kazakhstan orocline. The Siberia craton, the Kazakhstan and Tarim terranes collided in Permian, causing the horseshoeshaped bending of the orocline and the crustal low density belt; There is a very low density zone in the lower crust, extending from western Kunlun to Tianshan, probably indicating a lower-crust flow. If one divides the flow into two categories, i.e., vertical channel flow and lateral channel flow, the former belongs the lateral flow coming from the western Tibetan Plateau with a width of about 230 km; There are a few low-density spots in the middle crust, which might be caused by low-density mass squeezing upward from the lower crust flows. The locations of these zones coincide with earthquake focus (magnitude > 5), implicating that the movement of lower-crust flows may induce deformation in the middle crust, deducing the rock density as well.
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